Abstract. Mitotic progression is regulated by the phosphorylation of heat shock transcription factor 1 (HSF1) by polo-like kinase 1 (PLK1); however, this interaction is often deregulated in tumors. High expression levels of PLK1 and HSF1 have been observed in various types of human cancer. In the present study, it was investigated whether small interfering (si)RNA against PLK1 or HSF1 could suppress tumor growth in vitro and in vivo. In vitro transfection of PLK1 and HSF1 siRNA into PKL1-and HSF1-positive human breast tumor MDA-MB-231 and human cervical carcinoma HeLa cells inhibited cell growth via suppression of PLK1 and HSF1 mRNA expression, respectively. However, the transfection of PLK1 or HSF1 siRNA did not significantly affect the cytotoxicity of doxorubicin in HeLa cells. Furthermore, injection of PKL1 or HSF1 siRNA into mice with liver HeLa metastasis suppressed tumor growth. From these findings, PLK1 and HSF1 may be considered to be promising targets for antitumor therapy.
Introduction
Heat shock factor 1 (HSF1) is a transcription factor that is strongly conserved from yeast to humans (1) . HSF1 has a key role in the cellular response leading to the expression of heat shock proteins (Hsps), which serve to protect cells from damage as a result of cellular insults, including heat and oxidative stress (1, 2) . However, the heat shock response often becomes deregulated in tumors. HSF1 is expressed at a high level and has a role in carcinogenesis (3) . The expression levels of Hsp90, Hsp70 and Hsp27, which are HSF1-target genes, are increased in mammary tumors, leading to a decrease in cellular apoptosis (4) . Polo-like kinase 1 (PLK1) is a serine/threonine protein kinase that acts as an important cell signaling regulator (5) . The phosphorylation of HSF1 by PLK1 is a vital step for HSF1 nuclear translocation in response to heat stress (6) . PLK1 expression is also elevated in various types of human tumors (7) (8) (9) . It has been reported that depletion of PLK1 in oral squamous cell carcinoma cells significantly inhibited the expression of HSF1 as well as Hsp70 and Hsp90, and knockdown of PLK1 and HSF1 strongly inhibited cell proliferation (10) . Furthermore, transduction of PLK1 small interfering (si)RNA or HSF1 short hairpin (sh)RNA into tumor cells reduced the migration and invasive abilities of the cells (11, 12) . Therefore, PLK1 and HSF1 may be potential targets in cancer therapy.
Cationic liposomes have often been used for in vivo siRNA delivery into tumors (13) . However, following systemic injection of siRNA/cationic liposome complexes (siRNA lipoplexes), electrostatic interactions between positively charged lipoplexes and negatively charged erythrocytes cause agglutination in the blood, and the agglutinates contribute to high levels of entrapment of lipoplexes in the highly extended lung capillaries (14) . Recently, we demonstrated that intravenous sequential injection of chondroitin sulfate plus siRNA lipoplexes into mice with liver metastasis could deliver siRNA efficiently to the metastasis without accumulation in the lungs, and suppress the expression of a target gene in the tumor cells (15, 16) . Therefore, the present study evaluated the therapeutic efficacy of treatment with PLK1 or HSF1 siRNA using a sequential injection method against liver metastasis.
Materials and methods
Reagents. 1,2-Dioleoyl-3-trimethylammonium-propane (DOTAP) methyl sulfate salt was obtained from Avanti Polar Lipids Inc., (Alabaster, AL, USA). Cholesterol (Chol) and chondroitin sulfate C sodium salt were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). All other chemicals were of the finest grade available.
siRNA. Human PLK1 siRNA, human HSF1 siRNA, non-silencing siRNA (Cont siRNA), and cyanine 5.5
Evaluation of in vitro and in vivo therapeutic antitumor efficacy of transduction of polo-like kinase 1 and heat shock transcription factor 1 small interfering RNA (Cy5.5)-labeled luciferase siRNA (Cy5.5-siRNA) were synthesized by Sigma Genosys (Tokyo, Japan). The siRNA sequences for human PLK1 siRNA were as follows: Sense strand 5'-CCU UGA UGA AGA AGA UCA CTT-3' and antisense strand 5'-GUG AUC UUC UUC AUC AAG GTT-3' (17). The siRNA sequences of the human HSF1 siRNA were: Sense strand 5'-GAA CGA CAG UGG CUC AGC AUU-3' and antisense strand 5'-UGC UGA GCC ACU GUC GUU CUU-3' (17). The siRNA sequences of the Cont siRNA as a negative control for PLK1 siRNA or HSF1 siRNA were: Sense strand 5'-GUA CCG CAC GUC AUU CGU AUC-3' and antisense strand 5'-UAC GAA UGA CGU GCG GUA CGU-3'. The siRNA sequences of the luciferase siRNA were: Sense strand 5'-GUG GAU UUC GAG UCG UCU UAA-3' and antisense strand 5'-AAG ACG ACU CGA AAU CCA CAU-3. In Cy5.5-siRNA, Cy5.5 dye was conjugated at the 5'-end of the sense strand. , 100 µg/ml kanamycin and 0.5 mg/ml G418 at 37˚C in a 5% CO 2 humidified atmosphere. MDA-MB-231-Luc cells were cultured in DMEM supplemented with 10% FBS and 100 µg/ml kanamycin at 37˚C in a 5% CO 2 humidified atmosphere. HeLa cells were cultured in Eagle's minimum essential medium (Wako Pure Chemical Industries, Ltd.) supplemented with 10% FBS and 100 µg/ml kanamycin at 37˚C in a 5% CO 2 humidified atmosphere.
Measurement of PLK1 and HSF1 expression level in vitro.
For investigation of PLK1 and HSF1 mRNA expression levels in tumor cells, total RNA was isolated from MDA-MB-231, MCF-7 and HeLa cells using NucleoSpin RNA (Macherey-Nagel, GmbH, Düren, Germany). First strand cDNA was synthesized from 2 µg of total RNA using PrimeScript RTase (Takara Bio, Inc., Otsu, Japan). For polymerase chain reaction (PCR), the 20-µl reaction volume contained: 1 µl synthesized cDNA, 10 pmol of each specific primer pair and 0.25 U Ex Taq DNA polymerase (Takara Bio, Inc.), with PCR buffer containing 1.5 mM MgCl 2 and 0.25 mM of each dNTP. The profile of PCR amplification for PLK1 and GAPDH cDNA consisted of denaturation at 95˚C for 0.5 min, primer annealing at 58˚C for 0.5 min and elongation at 72˚C for 1 min, for 30 cycles. For HSF1, the thermocycling conditions consisted of denaturation at 95˚C for 0.5 min, primer annealing at 63˚C for 0.5 min and elongation at 72˚C for 1 min, for 30 cycles. Human PLK1 cDNA (154 bp) was amplified using the following primers: Human PLK1-FW 5'-CTC AAC ACG CCT CAT CCT C-3' and human PLK1-RW 5'-GTG CTC GCT CAT GTA ATT GC-3' (18). Human HSF1 cDNA (190 bp) was amplified using the primers: Human HSF1-FW, (5'-CCG GCG GGA GCA TAG ACG AGA GG-3') and human HSF1-RW (5'-GAC GGA GGC GGG GGC AGG TTC ACT-3') (19) . Human GAPDH cDNA (820 bp) was amplified using the primers: Human GAPDH-FW (5'-ATG ACC CCT TCA TTG ACC TC-3') and human GAPDH-RW (5'-AAG TGG TCG TTG AGG GCA AT-3'). Their PCR products were analyzed by 18% acrylamide gel electrophoresis in Tris-borate-EDTA buffer (Wako Pure Chemical Industries, Ltd.), and were visualized by ethidium bromide staining.
Transfection with siRNA. For knockdown of PLK1 or HSF1 mRNA by transfection with PLK1 siRNA or HSF1 siRNA, MDA-MB-231 and HeLa cells were plated into 6-well culture dishes at a density of 3x10 5 cells/well. The cells were transfected with 50 nM Cont, PLK1 or HSF1 siRNA using Lipofectamine RNAiMax reagent (Invitrogen; Thermo Fisher Scientific, Inc.). A total of 24 h after transfection, total RNA was isolated using NucleoSpin RNA and then first strand cDNA was synthesized from 2 µg of total RNA using PrimeScript RTase. Quantitative (q)PCR was performed using a Roche Light Cycler 96 system (Roche Diagnostics, Basel, Switzerland) and TaqMan Gene expression assays (PLK1, Hs00983227_m1; HSF1, Hs00232134_m1; GAPDH, Hs02786624_g1; all Applied Biosystems; Thermo Fisher Scientific, Inc.). The thermocycling conditions consisted of an initial denaturation at 95˚C for 600 sec, and 45 cycles of denaturation at 95˚C for 10 sec, and primer annealing and extension at 60˚C for 30 sec (two step amplification). Samples were run in triplicate, and the expression levels of PLK1 and HSF1 mRNA were normalized by the amount of GAPDH mRNA in the same sample, and analyzed using the 2 -ΔΔCq method (20) .
Cell growth inhibition. MCF-7, MDA-MB-231 and HeLa cells were seeded in 96-well plates at a density of 2x10 4 cells per well 24 h prior to transfection. Cells at confluences of 50% in the well were transfected with 2.5, 5, 10, 20, 30, 40 and 50 nM Cont siRNA, PLK1 siRNA or HSF1 siRNA using Lipofectamine RNAiMax reagent and then incubated for 48 h at 37˚C. In combined treatment with doxorubicin (DXR; LC Laboratories, Woburn, MA, USA), the cells were incubated for 24 h at 37˚C after transfection at 50 nM Cont siRNA, PLK1 siRNA or HSF1 siRNA using Lipofectamine RNAiMax reagent, and then treated with various concentrations (0.016-0.5 µM) of DXR as reported previously (21) . A total of 6 h after incubation, the medium containing free DXR was changed for fresh medium without DXR, and then incubated for another 18 h at 37˚C. The cell number was determined using a Cell Counting kit-8 (Dojindo Molecular Technologies, Inc., Kumamoto, Japan). Cell viability was expressed relative to the absorbance of untreated cells at 450 nm.
Preparation of liposomes and lipoplexes. Cationic liposomes were prepared from DOTAP/Chol at a molar ratio of 1:1 using a thin-film hydration method, as reported previously (22) . To prepare siRNA/cationic liposome complexes (siRNA lipoplexes), the cationic liposome suspension was mixed with siRNA by vortexing for 10 sec at a charge ratio (+:-) of 4:1, and left for 15 min at room temperature. The theoretical charge ratio (+:-) of cationic liposome to siRNA was calculated as the molar ratio of DOTAP nitrogen to siRNA phosphate.
The particle size distributions of liposomes and lipoplexes were measured using a light-scattering photometer (ELS-Z2; Otsuka Electronics Co., Ltd., Osaka, Japan) at 25˚C after diluting the dispersion to an appropriate volume with water. The ζ-potentials were measured using ELS-Z2 at 25˚C after diluting the dispersion with an appropriate volume of water. Cationic liposomes were ~114 nm in size and had a ζ-potential of ~52 mV. The lipoplex size was ~312 nm and the ζ-potential was ~40 mV.
Liver metastasis model. All animal experiments were performed with approval from the Institutional Animal Care and Use Committee of Hoshi University (Tokyo, Japan). A total of 9 mice were housed in a temperature-(24˚C) and humidity-(55%) controlled room with a 12 h light/dark cycle (lights on at 8:00 a.m.) with ad libitum access to food and water. To generate mice with liver metastasis, 1.0x10 6 HeLa cells suspended in 50 µl PBS (pH 7.4) containing 50% reconstituted basement membrane (Matrigel; BD Biosciences, Franklin Lakes, NJ, USA) were inoculated into the spleen of female SCID-Beige mice (18-20 g; 8 weeks old; CB17.B6-Prkdc scid Lyst bg-J /Crl; Oriental Yeast Co., Ltd., Tokyo, Japan).
Biodistribution of siRNA following intravenous injection of siRNA lipoplexes into mice. For efficient delivery of siRNA into liver metastasis, lipoplexes with 50 µg Cy5.5-siRNA were administered intravenously into mice with HeLa-liver metastasis at 1 min after the intravenous injection of 1 mg chondroitin sulfate (Wako Pure Chemical Industries, Ltd.) at 10 days after inoculation of HeLa-Luc cells, as reported previously (sequential injection method) (15, 16) . A total of 1 h after injection, the mice were sacrificed, and Cy5.5 fluorescent imaging of the tissues was performed using a NightOWL LB981 NC100 system (Berthold Technologies, Bad Wildbad, Germany). In Cy5.5 fluorescent imaging, the excitation and emission filters were set at 630/20 and 680/30 nm, respectively. The exposure time for fluorescence was 5 sec. A grayscale body-surface reference image was collected using a NightOWL LB981 CCD camera (Berthold Technologies). The images were analyzed using IndiGo2 software (version 2.0.1.0; Berthold Technologies) provided with the in vivo imaging system.
In vivo therapy for liver HeLa metastasis. On days 8, 10, 12 and 14 after inoculation of HeLa cells into the spleens of mice, 50 µg of Cont siRNA, PLK1 siRNA or HSF1 siRNA were administered to mice using a sequential injection method as described above (15, 16) . On day 16 after inoculation, mice were sacrificed by cervical dislocation, and then the excised livers and spleens were weighed.
Statistical analysis. The statistical significance of differences between mean values was determined using Student's t-test using GraphPad Prism (version 4.0; GraphPad Software, Inc., La Jolla, CA, USA). Multiple measurement comparisons were performed by one-way analysis of variance on ranks with post hoc Tukey-Kramer's test. P<0.05 was considered to indicate a statistically significant difference.
Results and Discussion
Expression level of HSF1 and PLK1 mR NA. For investigation of HSF1 and PLK1 mRNA expression levels in cultured cells, three human tumor cell lines, (MDA-MB-231, MCF-7 and HeLa cells) were used. As demonstrated in Fig. 1A , PLK1 and HSF1 mRNA were expressed strongly in MDA-MB-231 and HeLa cells, but weakly or not at all in MCF-7 cells. Therefore, in subsequent experiments, MDA-MB-231 and HeLa cells were used as the cell lines that expressed HSF1 and PLK1 mRNA at high levels. Subsequently, whether the expression level of PLK1 and HSF1 mRNA was decreased by transfecting PLK1 siRNA and HSF1 siRNA into the cells, respectively, was investigated. Lipofectamine RNAiMax was used as an in vitro transfection reagent for siRNA. When transfected into MDA-MB-231 and HeLa cells, PLK1 siRNA and HSF1 siRNA significantly inhibited the expression of PLK1 and HSF1 mRNA (P<0.01), respectively, compared with the levels in the untreated or Cont siRNA groups (Fig. 1B and C) . In contrast, transfection of Cont siRNA or HSF1 siRNA did not significantly affect the expression of PLK1 mRNA in MDA-MB-231 and HeLa cells (Fig. 1B) , and transfection of Cont siRNA or PLK1 siRNA did not significantly affect HSF1 mRNA compared with the levels in the untreated cells (Fig. 1C) . These results indicated that PLK1 siRNA and HSF1 siRNA could specifically suppress the expression of PLK1 and HSF1 mRNA in the cells, respectively, and suppression of PLK1 mRNA did not affect the expression level of HSF1 mRNA in the cells. Following this, it was evaluated whether transfection with PLK1 siRNA or HSF1 siRNA could increase the growth inhibitory effect of DXR treatment in HeLa cells. The combined treatment of HSF1 siRNA with DXR exhibited additive cytotoxicity in HeLa cells compared with HSF1 siRNA treatment alone (Fig. 5) . However, the combined treatment of PLK1 siRNA with DXR did not exhibit a significant synergistic or additive cytotoxicity in HeLa cells compared with PLK1 siRNA treatment alone (Fig. 5) . These data indicated that a reduction in PLK1 or HSF1 expression did not increase the sensitivity to DXR in HeLa cells. Therefore, for the in vivo experiment for evaluation of therapeutic efficacy for tumor metastasis, we decided to inject PKL1 siRNA or HSF1 siRNA without DXR.
Biodistribution of siRNA following injections of siRNA lipoplexes.
Recently, we demonstrated that intravenous sequential injection of chondroitin sulfate plus siRNA lipoplexes into mice with liver metastasis could deliver siRNA efficiently to the metastasis without accumulation in the lungs, and suppress the expression of a target gene in the tumor cells (15, 16) . Therefore, the present study evaluated the therapeutic efficacy of treatment with PLK1 siRNA or HSF1 siRNA using the sequential injection method against HeLa-liver metastasis. First, the biodistribution of siRNA following sequential injections of chondroitin sulfate plus siRNA lipoplexes into mice with HeLa-liver metastasis was investigated. To generate mice with liver metastasis, HeLa cells were inoculated into the spleens of mice. As demonstrated in Fig. 6A , siRNA was largely accumulated in HeLa-metastasized liver. These results indicated that sequential injections could deliver siRNA effectively into HeLa-metastasized livers of mice.
Therapeutic efficacy against liver HeLa-metastasized tumors.
Finally, the present study evaluated the in vivo efficacy of PLK1 siRNA or HSF1 siRNA in inhibiting the growth of liver HeLa-metastasized tumors. Injection of PLK1 siRNA or HSF1 siRNA was performed a total of four times, with 2 days between each injection. The antitumor effect on metastasis was evaluated by measurement of liver weight (mg) (Fig. 6B  and C) . Injections of PLK1 siRNA suppressed the increase in weight of HeLa-metastasized liver (1,677±342 mg) compared with those injected with Cont siRNA (2,567±453 mg); however, this difference was not significant. In contrast, injections of HSF1 siRNA significantly inhibited the increase in weight of metastasized livers (1,217±280 mg) compared with those injected with Cont siRNA (P<0.05). Regarding the weight of HeLa-inoculated spleens, significant differences in the weight of spleens were not observed among the different groups ( Fig. 6B and C) . These results suggested that injection of HSF1 siRNA could inhibit tumor metastasis to the liver and/or tumor growth in liver metastasis. However, it was not clear why HSF1 siRNA did not exhibit strong growth inhibition in vitro compared with PLK1 siRNA (Fig. 4) . HSF1 siRNA may be able to inhibit invasion and metastasis of tumor cells rather than tumor growth.
It has been reported that inhibition of PLK1 expression suppressed invasion of tumor cells and decreased the activity of cluster of differentiation (CD)44v6 (23) , which is an important member of the cell adhesion molecule CD44 family. Additionally, HSF1 serves various important roles in cancer via regulating cell proliferation, anti-apoptosis, epithelial-mesenchymal transition, migration, invasion and metastasis (24) . HSF1 may promote invasion and metastasis of hepatocellular carcinoma by enhancing cell motility through Hsp27 (25) . Such findings indicated that PLK1 and HSF1 may be involved in the regulation of cancer metastasis.
Intravenous injection of PLK1 siRNA with a fusion protein of human epidermal growth factor 2-single-chain fragmented antibody and protamine peptide retarded breast tumor growth and reduced metastasis (12) . Furthermore, it has been reported that melanoma cells infected with adenovirus expressing HSF1 shRNA markedly reduced invasion and metastasis in a subcutaneous xenograft model (11) . In the present study, injections of HSF1 siRNA or PLK1 siRNA with cationic liposomes inhibited tumor progression in HeLa metastasis. These findings suggest that PLK1 and HSF1 are critical factors that influence metastasis and have an important role in tumor progression.
In conclusion, injection of PKL1 siRNA or HSF1 siRNA into mice with liver HeLa metastasis inhibited tumor metastasis. PLK1 and HSF1 may, therefore, be considered as promising therapeutic targets for tumor metastasis. 
